Beams-eye-view imaging applications such as real-time soft-tissue motion estimation are hindered by the inherently low image contrast of electronic portal imaging devices (EPID) currently available for clinical use. We introduce and characterize a novel EPID design that provides substantially increased detective quantum efficiency (DQE), contrast-to-noise ratio (CNR) and sensitivity without degradation in spatial resolution.
) and a photodiode/TFT-switch (aSi:H). We characterize the prototype's signal response to a 6 MV photon beam in terms of modulation transfer function (MTF), DQE and CNR. The presampled MTF is estimated using a slanted slit technique, the DQE is calculated from measured normalized noise power spectra (nNPS) and the MTF and CNR is estimated using a Las Vegas contrast phantom. The prototype has been designed and built to be interchangeable with the current clinical EPID on the Varian TrueBeam platform (AS-1200) in terms of size and data output specifications. Performance evaluation is conducted in absolute values as well as in relative terms using the Varian AS-1200 EPID as a reference detector.
A fivefold increase of DQE(0) to about 6.7% was observed by using the four-layered design versus the AS-1200 reference detector. No substantial differences are observed between each layer's individual MTF and the one for all four layers operating combined indicating that defocusing due to beam divergence is negligible. Also, using four layers instead of one increases the signal to noise ratio by a factor of 1.7.
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Introduction
The beams-eye-view perspective of the patient's anatomy is particularly well suited for image guided radiotherapy (IGRT). Applications include the assessment of patient setup before and during treatment delivery as well as advanced motion assessment techniques such as markerless tumor tracking (Herman et al 2001 , Rottmann et al 2013a , 2013b . Electronic portal imaging devices (EPID) can capture and display the fluence of the treatment beam after traversing the patient in real-time. However, the inherently low detective quantum efficiency (DQE) of these detectors in the MV energy range used in radiotherapy is a limiting factor for their clinical applications.
Most of the EPIDs currently in clinical use rely on an indirect photon detection mechanism. A scintillation material, typically terbium doped gadolinium oxysulfide (Gd O S : Tb 2 2 ), is sandwiched between a metal sheet top layer of 1 mm copper and a pixelated array of photodiodes typically referred to as an active matrix flat panel imager (AMFPI) , Munro et al 1998 . The copper plate serves a dual purpose: it shields the detector from low energy scattered secondary radiation and functions as a buildup layer converting high energy photons into secondary electrons. The scintillation material converts these incident electrons (and photons) into low energy photons in the optical range 4 that can be detected with higher efficiency in the underlying photodiode array. The photodiode array is based on hydrogen doped amorphous silicon (aSi:H) and incorporates a thin film transistor (TFT) for the pixel readout. This technology allows the cost effective construction of large pixelated arrays that are very resistant to radiation damage (Antonuk 2002) . However, these EPIDs typically only achieve a DQE(0) of about 1-2% in clinically used MV photon beams (El-Mohri et al 2001) . While increasing the thickness of the scintillation layer can generate more detectable photons, optical scattering within the scintillator imposes a limit on the attainable DQE gain.
Developing high DQE scintillators has been a very active research area over the past decade, particularly with respect to megavoltage cone beam computed tomography (MV-CBCT) applications which require the minimization of imaging dose per frame to the patient in order to be clinically acceptable (Pouliot et al 2005) . One approach to this issue is to employ thick (focused) pixelated scintillators (Sawant et al 2005a , 2005b , Wang et al 2008 , El-Mohri et al 2011 , Liu et al 2012 , Star-Lack et al 2015 . DQE(0) values of up to 20% have been observed using this technique (Star-Lack et al 2015) . Another method to improve DQE is to stack several detector layers on top of each other creating a multi-layer imager (MLI). This approach is expected to preserve field of view and spatial resolution with respect to the current generation of clinically used EPIDs while allowing to increase the DQE substantially. The purpose of this study was to construct a first prototype MLI device based on the Varian AS-1200 AMFPI and characterize its quantitative imaging performance.
Materials and methods
The MLI prototype presented in this study was constructed from four conventional EPID detection layers, i.e. 4 copper sheet scintillator figure 1 ). Integrated readout electronics were custom designed for low noise characteristics and a compact assembly fitting inside the imager cassette of the Varian AS-1200. The prototype utilizes the AS-1200 AMFPI as a light converter (photodiode array) and the standard imaging interface of the TrueBeam linear accelerator (LINAC) platform for image acquisition. This allows for direct comparison of the MLI to the LINAC-mounted (and clinically used) AS-1200 EPID (further on referred to as reference detector). The MLI features internal parallel readout and digitization of all layers (within the imager cassette). All user-selected layers are internally integrated in a two-step digital addition process. For instance to read all four layers out: first
) are calculated (in parallel) and then summed up in a second step to L1234(i, j ) = (L12(i, j ) + L34(i, j ) ). Here we used the notation Ln(i, j ) to refer to the pixel value at position (i, j ) in the nth layer. L1234(i, j ) alone is transferred as a true 16bit signal from the imager cassette to the LINAC image acquisition system via optical link cable. Digitization of the analog photo diode signal within the imager cassette is expected to minimize electronic noise. While all image corrections (pixel defect, offset, gain) can be applied directly through the image acquisition system, we chose to apply them offline for easier data acquisition and analysis. However, the current image readout implementation is limited to pixel corrections applied to the integrated signal (over all used layers). Each individual layer is covered by a 1 mm copper sheet providing buildup and scatter shielding for each layer, respectively. The selected scintillation material Gd O S:Tb 2 2 (PI-200 by Mitsubishi Chemicals Corp., Japan) is slightly thicker than the Lanex Fast B (Eastman Kodak, Rochester, NY) scintillator used in the reference detector (430 m µ versus 290 m µ ) but has the same density. A slightly stronger signal and a slightly reduced MTF is expected due to the increased number of interactions and optical scatter, respectively. The MLI prototype and the reference detector each have an active area of × 43 cm 43 cm and a pixel pitch of 336 m µ . A comparison of MLI and reference detector characteristics is given in table 1.
All measurements described in this paper were performed using the 6 MV photon beam of a Varian TrueBeam LINAC. It was calibrated to deliver 1 cGy per monitor unit (MU) in water at a source to surface distance (SSD) of 100 cm and a depth of d 1.5 max = cm using a 10 10 cm 2 × field size (in this paper all field sizes are defined at the isocenter plane). The dose rate for all measurements was set to 400 MU min −1 (i.e. our clinical standard dose rate for non-stereotactic treatments). The source to imager distance (SID) refers to the distance between the source and the surface of the MLI imager cassette-independent of which layer (combination) is to be read out. Two modes of readout are supported: continuous and radshot.
In continuous mode, the readout is synchronized with the radiation beam pulses to avoid radiation hitting the detector during readout. The MLI hardware supports a maximum frame rate of 25 Hz. All images in this study were acquired in radshot mode, i.e. the signal is simply integrated throughout the exposure and read out right after the beam turns off. To clear residual charges before each exposure an additional readout cycle is completed right before each exposure. To label image acquisitions with various layer combinations the following nomenclature will be used throughout this manuscript: L1 denotes an acquisition with only the layer closest to the x-ray source, L4 with only the layer furthest from the x-ray source and L1234 denotes an acquisition with all four layers combined. Acquisitions with the reference detector (AS-1200) will be referred to as REF.
Evaluation in terms of MTF, nNPS, DQE

Modulation transfer function (MTF).
The MTF of an imaging system is given by the absolute value of the Fourier transform of its impulse response. For this study a one dimensional impulse (line spread function) formed by imaging a thin slit is utilized. Both the horizontal and vertical pixel direction of the detector are analyzed separately with this procedure. To avoid influence of the pixel grid's limited sampling frequency, the slit is tilted about 1.5 relative to the pixel row (column) direction and a presampled line spread function (LSF) is constructed following the procedure outlined by Fujita et al (1992) . There have been numerous publications describing this technique in detail (e.g. Munro et al (1998) and Sawant et al (2007) ); therefore only a short summary shall be given here. A pair of tungsten heavy alloy blocks (≈ × × 12 cm 7.7 cm 18.7 cm) is used to form the slit. Precision shims are placed in each corner to separate the machined surface of the blocks by 100 µm. The slit setup is placed on a robotic treatment couch and positioned relative to the radiation source, such that the central axis of the radiation beam is aligned with the slit (Sawant et al 2007) . Alignment is established in a two step process: first the radiation field is aligned to the slit using a bi-directional laser and then the slit is aligned with the central axis of the radiation beam by maximizing the measured signal transmitted throughout the slit under variation of vertical position and pitch of the treatment table (see figure 1) . The SID for MTF measurements was SID 151.5 = cm and SID 153 = cm for the MLI and the reference detector, respectively. The presampled MTF is measured for each layer individually as well as for all four layers combined. To optimize signal to noise ratio (SNR) for the LSF images the dose per frame was adjusted to about 70% saturation level (making electronic noise negligible) and 200 frames were averaged.
Noise power spectrum (nNPS).
There are two major sources of noise present in the final image: systemic noise originating from the light-sensor/readout electronics and noise inherent in the quantum nature of the incident photons. Noise not associated with the incident photons can be analyzed with dark fields, i.e. images acquired without incident x-ray radiation. Conversely noise characteristics predominantly governed by quantum noise may be analyzed with flood field images of exposures close to the saturation limit given that noise from the readout electronics can be considered small and independent of the signal strength (Munro et al 1998) .
For the measurement of the nNPS, 250 flood fields were acquired at an SID of 180 cm using a 10 10 cm 2 × field. Following the procedure outlined by the International Electrotechnical Commission (2003) a central region of about 120 120 × pixels was processed to calculate first a 2D nNPS which was then transformed into a 1D nNPS by averaging the first ten rows on either side of the zero frequency axis (though not including it). Exposure for the flood fields was adjusted to about 70% saturation level. To remove fixed pattern noise, frames were pairwise subtracted from each other. The nNPS was calculated for each layer individually as well as for all layers combined. The reference detector was characterized with the same method.
Detective quantum efficiency. The detective quantum efficiency of a system is given by
Here f is the spatial frequency (in line-pairs / mm), f MTF( ) | | the absolute value of the modulation transfer function, f nNPS( ) the normalized noise power spectrum and q the average incident x-ray fluence on the detector surface. The average photon fluence for an SID of r 100 cm ref =
was derived from a Monte Carlo model simulating the specific LINAC configuration (q 1.42 10 mm cGy (with SID = r). Since the absolute value of the measured DQE relies on the accurate simulation of the average photon fluence q, we also calculated the relative performance of the MLI compared to the reference detector, the clinically used Varian AS-1200 EPID.
Linearity.
The linearity of the detector prototype is an important characteristic of imaging performance as well as for transit dosimetry applications. The signal response was measured over the entire dynamic range for one layer (L1) as well as for all four layers combined (L1234) and compared to the reference detector (REF 
Las Vegas contrast phantom.
We evaluated the imaging performance in terms of contrast to noise ratio (CNR) using a Las Vegas contrast phantom (Varian Medical Systems, Palo Alto, CA) as described by Herman et al (2001) . The phantom was setup isocentric with an SID of 150 cm. Each image was acquired with an exposure of 1 MU. The phantom consists of an aluminum plate with drilled holes of various diameters and depths. We used one of the holes (marked in figure 5 ) to determine the CNR and evaluated visibility of the column with the smallest holes. For the evaluation of CNR a circular region of interest within the hole and a donut shaped region surrounding the hole was selected for the calculation of signal and background, respectively. CNR and SNR are given by:
Here S in is the the mean signal of the circular ROI, S out the mean signal of the donut shaped ROI and σ the image noise. S denotes the mean signal within the ROI and S σ the standard deviation of the background signal.
Results
A comparison of the horizontal versus vertical MTF, nNPS and DQE measurements confirmed good agreement in both directions (see figure 2) . We therefore only show the horizontal direction for all measurement results. Figure 3 shows the horizontal MTF of the MLI prototype detector for each layer individually, for all layers combined and for the Varian AS-1200 detector. The MTFs of the individual MLI layers are very similar, slightly degrading from L1 through L4. The combined MTF of all layers (L1234) is lower than the individual contributions. The benchmark MTF of the reference detector is higher in the mid-frequency range than the individual layers of the MLI, presumably due to the thinner scintillator (see also discussion).
The four layers of the MLI (L1, L2, L3, L4) show a similar noise characteristic over the entire frequency interval (see figure 3, upper right). As expected, the reference detector collects more noise than each individual layer of the MLI. This is due to the use of a thicker scintillator in the MLI layers (higher photon yield). The combined layers L1234 have a much lower noise power spectrum than each MLI layer individually.
DQE as a function of spatial frequency is calculated from MTF and nNPS using equation (1) and the photon fluence. DQE( f ) curves are plotted in figure 3 (lower left) for each layer individually, for all layers combined and for the reference EPID detector. The DQE( f ) relative to the reference detector is shown in figure 3 (lower right.) The dose linearity response is shown in figure 4 . Both MLI (L1 and L1234) as well as the reference detector display a linear response over the entire dynamic range. This compares well with previous findings for this type of detector (Munro et al 1998) . Note that the absolute response value is different for L1 and L1234 by a factor of 4x due to the integration over four layers. The absolute response for the reference detector is lower due to the use of a thinner scintillator.
Images of the Las Vegas contrast phantom taken with L1, L12, L123, L1234 are shown in the top portion of figure 5. All images were offset and gain corrected. Note the visibility of the left column and top row of circles as well as the increasing smoothness of the images from left to right. Quantitative measures of CNR and SNR (also for each single layer individually) are shown in the bottom part of figure 5. The CNR and SNR enhancement ratios compute to:
and SNR SNR 1.7 L1234 L1 = / .
Discussion
In this study a novel multi-layer EPID design was presented. A first prototype with four copper-scintillator-AMFPI detection layers was built and its performance characterized and compared against the Varian AS-1200, the current standard EPID shipped with TrueBeam linear accelerators (Varian Medical Systems, Palo Alto, CA). Using a 6 MV photon beam, a DQE(0) of about 6.7% was measured with the MLI prototype. This constitutes an approximate 3-6x increase compared to EPIDs typically in clinical use today (Munro et al 1998 , Antonuk 2002 ) and a fivefold increase compared to the AS-1200 used as a reference in this study. The increase in DQE may be attributed to the effect of both stacking multiple detection layers as well as increasing the thickness of the scintillator (relative to the reference EPID). The latter effect however also increases the optical spread within the scintillator, reducing the per layer MTF and overall DQE (see figure 3) and thus limits the benefit of a thicker scintillator. Another effect, typically seen with thick scintillators, is defocusing due to beam divergence which would manifest as a degradation in MTF when comparing single layers to combined layers. While this may potentially become an issue in the MLI design if more (or thicker) layers were used, we did not observe degradation in MTF going from one layer to four layers. Furthermore it should be possible to correct for this effect since each layer could be pre-processed before integration. In the current implementation no particular attention was paid to pixel alignment which may have reduced the MTF combined layers. However, sub-pixel shifts may also allow CBCT resolution improvements (see Yoneyama et al (2015) ) which we will investigate in a future study. Another potential limiting factor to image quality of the MLI prototype is the integrated readout which does (in its current implementation) not allow the application of image corrections (offset, gain, pixel defect) before image integration. We plan to remove this issue in a future implementation.
As already mentioned in the introduction, various studies have explored other methods of increasing DQE, including the use of thick pixelated, focused scintillators. The pixelation of the scintillation material limits the aforementioned increase of optical spread with increasing material thickness and aligning the scintillator pixels to the divergent beam can reduce the effect of defocusing (Sawant et al 2005a , Star-Lack et al 2015 . While these techniques can generate substantially higher DQE values, construction of such scintillators is technically more demanding and may be limited to smaller detectors with slightly lower spatial resolution mainly geared at MV-CBCT applications. The MLI is designed for ease of clinical adaptation: it offers all the benefits of the current EPID generation such as high spatial resolution, linear response and high frame rates in synchronized continuous mode and fits into the form factor of the AS-1200. The MLI cassette weighs slightly more than the AS1200. We however do not expect this to limit gantry mounting or substantially increase gantry sag. There are several clinical applications that are expected to particularly benefit from the increased DQE of the MLI design: markerless tumor tracking performance should improve with increased CNR and decreased motion blurring due to smaller integration times (Rottmann et al 2013b , Yip et al 2014 . Also, MV-CBCT and simultaneous kV/MV imaging for patient setup will benefit from lower required dose and higher image quality. In future studies these application aspects will be investigated more in detail and the layer composition as well as the number of MLI layers will be optimized using Monte Carlo techniques. Introducing a layer of thick pixelated scintillation material may allow simultaneous enhancement of planar and volumetric (CBCT) imaging capabilities.
Conclusions
The first prototype of a novel multi-layered EPID design for portal imaging and dosimetry was presented. The MLI improves the radiation sensitivity while maintaining the spatial resolution and saturation level of a single layer conventional EPID. Experimental characterization of an MLI prototype with four layers demonstrates substantially improved DQE and CNR while maintaining a high resolution comparable to clinically used EPIDs.
